give rise to reentrant arrhythmia. The extent to which this is influenced by structural rather than cellular electric remodeling is unclear.
H ealed myocardial infarcts provide a substrate for potentially life-threatening reentrant arrhythmias. 1 Structural and electric remodeling in the infarct border zone (BZ) can give rise to slow conduction, unidirectional block, and ratedependent electric instability after myocardial infarction (MI), which increases the probability of electric reentry. Factors that have been implicated include (1) strands of surviving myocytes surrounded by dense fibrosis that provide tortuous conduction pathways within the infarct BZ, 2, 3 (2) decreased lateral connections between myocytes 4 and altered gap junction distributions 5 in the peri-infarct region, and (3) changes in transmembrane ion channel expression adjacent to the healing infarct that reduce conduction velocity and delay repolarization during infarct healing. 6, 7 Cardiac magnetic resonance (CMR) has been used to characterize the extent of the peri-infarct region and the distributions of preserved myocytes and fibrosis within it. 8, 9 The former is a powerful independent predictor of mortality after MI, 9 while it is argued that heterogeneous organization of myofibers and fibrosis within the BZ provides a further indication of arrhythmic risk. 10 The 3-dimensional (3D) topology of surviving myofiber tracts adjacent to healed human infarcts has been reconstructed at a relatively coarse scale from serial histological sections. 3 However, experimental investigation of the effects of this structural anisotropy on electric activation in the infarct BZ is problematic: surface recordings 11 provide little direct information on intramural electric propagation, while the spatial resolution that can be achieved with plunge needle arrays is limited. 12, 13 Image-based computer modeling provides a powerful means of investigating the mechanisms by which structural anisotropy influences electric activity in the infarct BZ. 14 Two-dimensional computer models have been used widely for this purpose and show that nonuniformly distributed inexcitable regions can give rise to electric instability and reentry. 15, 16 To date, though, comparable 3D models have only investigated the influence of infarct and BZ geometries acquired with relatively low-resolution CMR imaging. 14, 17 In this paper, we describe a study in which the myocytes and connective tissue adjacent to healed rat infarcts have been imaged and reconstructed in 3D at high resolution. This has enabled us to analyze and quantify the topologic characteristics of surviving myocyte strands in the infarct BZ more comprehensively than has previously been possible. These data have also been used to develop image-based computer models of electric activation in the infarct BZ, which demonstrates how structural heterogeneity in the peri-infarct region provides a substrate for unidirectional propagation, rate-dependent regional slowing, and conduction block.
Methods
These methods are described in more detail in the Online Supplement.
Surgical Procedures and Tissue Preparation
All surgical procedures were approved by the Animal Ethics Committee of the University of Auckland and conform to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication no. 85-23). An MI was surgically induced in 2 adult male rats by permanent ligation of the LAD artery near the origin. Fourteen days postinfarction the hearts were excised, fixed with Bouin solution, and stained with picrosirius red. Ventricles were sliced into 1-mm equatorial rings, dehydrated, and embedded in resin.
Image Acquisition
Extended volume confocal images of the transmural infarct BZ were acquired at 1 m 3 voxel dimension using a purpose-built system. These data were processed and aligned as described by Sands et al. 18 Total image volumes were 4.1 mm 3 and 5.6 mm 3 (Figure 1 ).
Image Segmentation and Network Construction
The image volumes were down-sampled to 2 m 3 voxel dimension for image segmentation and subsequent image processing. Key morphological features were identified in the epicardial tangent planes. Normal myocytes, collagen, extracellular space, and necrotic tissue were segmented on the basis of intensity, texture, and continuity ( Figure 2 ). Local myocyte volume and tissue connectivity indices were calculated at each voxel by applying filters of radii 5 voxels. Myocyte voxels not connected to the main tissue region were removed (Ϸ1% total myocyte volume). The interface between BZ and normal myocardium was defined by applying a fuzzy C-means clustering algorithm that separated these regions on the basis of connectivity and myocyte volume distributions ( Figure 3B ). The total volume of viable connected myocardium in the infarct BZs were 1.07 mm 3 and 1.73 mm 3 . Network descriptions of the structures were generated using 3D masks of surviving myocytes. Myofiber orientations were calculated using structure tensor analysis and mapped onto the network.
Activation Modeling
Activation was simulated on this network description of myocyte arrangement using Luo-Rudy dynamic (LR-d) membrane dynamics, 19 assuming normal electric properties and transverse isotropy at the cellular level. Repetitive stimulation at 300-ms base cycle length (BCL) was imposed at sites within the BZ and normal tissue. Following 10 preconditioning beats, an S2 stimulus was applied at progressively decreasing coupling intervals (CI) until complete activation block occurred. Reentry was investigated by closing the circuit around the infarct via a pathway that introduced fixed time delay, but conserved action potential (AP) morphology.
Results
All figures here relate to heart 2, the second of the 2 hearts imaged, but comparable information for heart 1 is presented in the Online Supplement.
Key structural features of the MI and surrounding myocardium are presented in Figure 1 . Wall thinning and scar formation are evident in the short axis scout image ( Figure  1A ). In the 3D reconstruction of the infarct BZ ( Figure 1C ), dense scarring is interspersed with regions of cellular necrosis in which replacement fibrosis is still in progress. Additional features include apparently normal myocytes surrounding a large vein in the subepicardial region adjacent to the infarct and a network of myocytes surrounded with collagen on the endocardial surface. At the interface with the infarct, sheets of collagen project into the adjacent normal myocardium (also seen in Figure 2 ).
The distribution of surviving myocytes and fibrosis in the infarct BZ can be seen more clearly in the full resolution subsection in Figure 2A . Muscle layers distant from the infarct are separated by cleavage planes that contain perimysial collagen. Adjacent to the infarct boundary, dense bands of collagen penetrate between and within muscle layers, while myocytes, necrotic cells, and collagen are interspersed in a region that contains a plexus of open, but presumably nonpatent, blood vessels. Each of these structures was segmented throughout the image volume (see Online Supplement), and the segmented image corresponding to Figure 2A is shown in Figure 2B . At higher resolution ( Figure 2C ), preserved myocytes are characterized by continuity of the plasma membrane and ordered sarcomere arrangement.
Segmented preserved myocytes were analyzed to quantify the relative surface area of nearest-neighbor cells in physical contact (connectivity) and the fraction of total tissue volume occupied by myocytes. Figure 3A epicardial coronary vessel is evident, and the subendocardial network of surviving cell tracts adjacent to the infarct is more apparent when the surrounding collagen is removed. Sparsely connected networks of myocytes penetrate the infarct BZ and strands, as fine as 1 cell thick (Online Figure XIII) , pass through it, connecting adjacent normal myocardium to surviving subendocardial and subepicardial cell layers (subvolumes 2 & 3). The connectivity field distant from the infarct (subvolume 1 in Figure 3A ) shows layers of highly connected myocytes (indicated by bands of red) 3 to 4 cells thick that are separated by cleavage planes. We observed limited coupling across cleavage planes, although adjacent layers branch and interconnect. Within the BZ, this laminar structure is lost and coupling between cells in surviving muscle tracts is reduced (subvolumes 2 and 3). Figure 3C summarizes the connectivity between adjacent myocytes in relation to distance from the interface between normal myocardium and BZ tissue ( Figure  3B ). In the former, connectivity is typically high, with lower values reflecting reduced lateral coupling in the cleavage planes between layers. Connectivity drops markedly over 200 to 300 m at the interface of infarct BZ and normal tissue ( Figure 3C ). Scatter within the BZ is due to structural heterogeneity and, in particular, preserved cell tracts surrounded by CT. The connectivity does not reflect the decrease in myocyte volume directly, as connectivity is only represented for volumes containing myocytes. Over the same distance across the BZ interface, the total viable myocyte volume fraction ( Figure 3D ) decreases abruptly from Ϸ0.8 to Ϸ0.1. Near-identical findings were obtained for heart 1 (Online Figure XV) .
Myocyte orientation is also altered in the BZ. In Figure 4 , we present myofiber orientation with respect to a midwall circumferential plane. The ordered transmural myofiber rotation characteristic of normal myocardium is progressively disrupted across the BZ. Within the infarct, fiber angles are dominated by surviving subepicardial and subendocardial myocytes, which maintain orientations Ϸ90°F igure 1. Three-dimensional reconstruction of infarct border zone (BZ). A, Scout image of short-axis slice cut 4 mm from the left ventricular apex and viewed from the apex. Collagen is indicated by high-image intensity (white/ yellow) and myocytes by lower intensity (red/brown). B, Steps in assembly of the imaging volume. Individual confocal images (a) are montaged to form a registered extended image (b), and this process is repeated at successive depths to form an image stack (c). The upper surface is then removed and the sequential stacks are acquired and assembled to reconstruct the volume image (d). For more detail see the Online Supplement. C, Reconstructed infarct BZ viewed from the base. The dimensions of the image volume are 2.99ϫ2.68ϫ0.70 mm 3 (5.6ϫ10 9 voxels). The marker • indicates the basal subepicardium and is used as a fiducial reference. to the circumferential plane. Corresponding distributions for heart 1 are very similar (Online Figure XVI) .
The extent to which structural remodeling in the infarct BZ affects electric propagation was investigated by simulating activation on a network representation of the preserved myocardium using LR-d membrane dynamics. Uniform, axially anisotropic electric properties (anisotropy ratio 2.3:1) were assumed. Figure 5 demonstrates the effect of stimulus site on 3D propagation in the infarct BZ for the 10th stimulus at a BCL of 300 ms ( Figure 5A ). Two activation pathways through the BZ between midwall and subepicardium are identified (Online Videos I and II). With subendocardial stimulation ( Figure 5B ), activation blocked at an abrupt tissue dilation in region 1 and propagated into the subepicardial BZ via region 2. With stimulation from the subepicardial BZ ( Figure 5C ), conduction blocked in region 2, but propagated into the midwall through region 1. These observations demonstrate that tracts through the BZ provide a substrate for stimulus site-dependent unidirectional block. Similar features were observed for heart 1, although fewer complete tracts traversed the BZ (Online Figure XVII) . Average CV for both was 0.4Ϯ0.2 ms Ϫ1 for all stimulus sites. Figure 6 shows representative activation pathways and times for the 2 stimulus protocols in Figure 5 . For subendocardial stimulation ( Figure 6A ), propagation through the BZ was convoluted with relatively uniform spread in the adjacent midwall. Similar behavior occurred with subepicardial stimulation ( Figure 6B ), but propagation spread along a different pathway. These processes are reflected in the volume of tissue depolarized as a function of time, shown in Figure 6C . Three distinct phases are evident for subendocardial stimulation. The first reflects activation of the subendocardial BZ (Ϸ7 ms), the second activation of normal myocardium adjacent to the infarct, and the third activation of the subepicardial BZ (Ϸ5 ms); a total of 21 ms. For subepicardial stimulation, activation times followed a similar pattern in the reverse direction. In this case, the time to traverse the subepicardial BZ was relatively long (Ϸ15 ms), giving a total activation time of 26 ms. Activation path lengths for subepicardial and subendocardial stimulation were 6.01 mm and 6.88 mm, respectively. Total activation time was greater for subepicardial than subendocardial stimulation, despite the fact that path length was shorter. This demonstrates that the prolonged activation times seen with stimulation in the infarct BZ were a result of both tortuous activation pathways and time delays along those paths. Cross-sectional areas transverse to the fiber direction were calculated along the activation paths, and these data show that block was associated with rapid increases in tract cross-section (Online Figure XIV) .
Susceptibility to rate-dependent activation delay and block within the infarct BZ was investigated by challenging the model with a single S2 stimulus immediately after 10 
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preconditioning beats at BCLϭ300 ms. The coupling interval (CI) between S1 and S2 was progressively reduced until block occurred (Figure 7) . For subepicardial stimulation, there was a pronounced time delay at CIϭ300 ms across a region of less than 100 m (Ϸ1.6 mm from the stimulus site; Figure 7A and 7B). As CI was reduced, delay in this region increased and block occurred at CIϭ185 ms. There was less pronounced slowing at 2 other points: at the junction of the BZ and normal midwall tissue (at Ϸ3 mm), and within the subendocardial BZ (Ϸ5.4 mm). With subendocardial stimulation, activation followed the green path. Regional slowing was again evident at CIϭ300 ms, but it was spread over a wider region at the interface between subendocardial BZ and normal myocardium (between 1 and 2 mm from the stimulus site; Figure 7A and 7C). The delay increased with reducing CI, and conduction block occurred at CIϭ156 ms. Total activation time for the cycle immediately preceding block increased to 35 ms and 31 ms for subepicardial and subendocardial BZ stimulation, respectively. Propagation failure occurred at CIϭ147 ms with stimulation from normal midwall myocardium adjacent to the infarct (not shown). APD dispersion for the 10th cycle of activation at BCLϭ300 ms was minimal: Ϸ7 ms and 13 ms for subendocardial and subepicardial BZ stimulation, respectively. Beatto-beat APD alternans were not observed, and the longest APDs (129 -135 ms) occurred in regions where activation delays were most pronounced. APD decreased with reduced CI, but APD dispersion increased markedly in the regions most susceptible to rate-dependent conduction slowing and block (Online Figures X and XI) . We investigated conditions under which unidirectional block and conduction delays provide a substrate for reentry. An extended model (with a fixed transmural time delay) was paced with a subepicardial stimulus train at reducing CI until block occurred. Sustained reentry required a time delay of 120 ms at CIϭ157 ms (Figure 8 ). Collision and block (cycles 1 & 2) were followed by reentry (cycle 3), which approached steady state from cycle 5 (Online Video III). At a time delay of 110 ms, block occurred in the subendocardial BZ and there was no reentry.
The structural data sets presented here will be made available to other researchers via a repository operated by the Cardiac Atlas Project (http:www.cardiacatlas.org).
Discussion
In this study, discrete transmural infarcts in the 2 rat hearts were imaged using extended-volume confocal microscopy at voxel dimensions of 1 m 3 . As a result, we have been able to reconstruct the 3D arrangement of viable myocytes and collagen in the infarct BZ at much higher resolution than has previously been reported. Structural analysis confirms the existence of extensive tracts of viable cardiomyocytes in the infarct BZ. Networks of preserved cells, heavily surrounded by fibrosis, extended across the endocardial surface of the infarcts, while layers of surviving subepicardial cells were observed at the infarct margins and surrounding patent superficial veins. Finally, tracts of myocytes penetrated the infarcts, some forming connected pathways. Lateral coupling of cells within these tracts and smooth transmural myofiber rotation were both progressively reduced within the BZ. The infarct BZ from the first heart imaged was initially used to develop techniques. While it did not provide as comprehensive a data set, morphological features were consistent across both (see Online Supplement). We have simulated the spread of electric activation using a network model of the connected myocytes, with normal cellular electric properties. The results demonstrate rate-, path-, and direction-dependent activation delays, as well as unidirectional conduction in the infarct BZ. We argue that structural remodeling alone in the infarct BZ provides a sufficient substrate for reentrant arrhythmia.
The structural remodeling revealed here in the infarct BZ is consistent with previous qualitative observations. Studies in infarcted human and dog hearts have shown that the Purkinje fiber network is preserved on the endocardial surface of the infarct, 20 together with an underlying layer of ventricular myocytes. 2 Layers of preserved myocytes adjacent to the cavity surface and surrounding intramural blood vessels have been reported in infarcted human papillary muscle. 3 Peninsulas of viable tissue surrounded by dense collagen have been observed within the BZ of both human and sheep infarcts and tortuous strands of myocytes that extend through the BZ to link separated regions of viable myocardium adjacent to the infarct have also been noted. 21, 22 Preservation of myocytes in these regions is presumably due to diffusive pathways for oxygen delivery either from the LV cavity or from patent circulatory components that traverse the BZ.
A key feature of this study is that we have quantified the arrangement of viable myocytes within and adjacent to the border zone (BZ) . A stimulus train with reducing CI was applied to the subepicardial BZ (red sphere). The subepicardial and subendocardial BZ were coupled at the network boundary via a path (dashed line) that imposed time delay but preserved AP morphology. The top shows AP traces at subepicardial BZ (red), midwall (green), and subendocardial BZ (blue) sites indicated by arrows on beat 1. The lower panel shows activation fields for beats 1 to 6. Beats 1 and 2 are paced with a CIϭ157 ms, then following unidirectional block re-entrant activation occurs in beats 3 to 6. CI, coupling interval; AP, action potential.
infarct. In order to do so, we have developed new tools that enable us to characterize the 3D topology of connected cell tracts in the BZ and the extent of physical coupling within those tracts. Myocyte volume fraction and connectivity both dropped abruptly over Ϸ250 m at the interface of normal and BZ tissue (see Figure 3 ). Myocyte connectivity was determined for viable myocytes only and is therefore not simply related to volume fraction. Instead, the reduction in connectivity reflects decreased lateral coupling as a consequence of structural remodeling. In the normal LV, ventricular muscle cells are arranged in branching layers 23 with extensive transverse coupling between myocytes, whereas preserved myocytes in the infarct BZ form thin strands surrounded by collagen in which transverse coupling may be limited to 1 or 2 adjacent myocytes (Online Figure XIII) . These findings are consistent with data from the BZ of healed canine infarcts, 4 which showed that the length profile of cells connected via intercalated disks altered anisotropically, with side-to-side connections reduced by around 75% but relatively little change in end-to-end connections.
Marked changes in myofiber orientation were another feature of the BZ. The transmural variation of fiber orientation in the myocardium adjacent to the infarct was consistent with previous studies in normal hearts. 24 However, there was increasing disorder in fiber orientation at the border of the infarct, with 2 distinct populations identified in the BZ that coincide with subepicardial and subendocardial fiber orientations in the adjacent myocardium. This may be due to the fact that myocytes in these regions are more likely to be preserved and, after wall thinning, occupy a relatively greater fraction of the BZ. In this study, local myofiber orientation was estimated from spatial gradient variation. Some uncertainty must be attached to the orientations estimated in the midwall BZ because there were few viable myocytes in this region. However, our observations are comparable with those of Sosnovick et al 8 using diffusion spectrum MRI, and the higher resolution of our imaging method has allowed us to reconstruct the spatial separation of the 2 fiber orientation populations more precisely.
There is compelling evidence from in vivo experiments, computer modeling, and patterned cell culture studies that the structural anisotropy quantified here provides a substrate for slow propagation, conduction block, and electric instability. Such studies have shown that (1) dense fibrosis and tortuous strands of viable myocytes in the infarct BZ give rise to slow "zig-zag" conduction, 3 (2) "source-sink" mismatches due to multiple branching tissue strands 25 or sudden tissue expansion 26 can cause substantial conduction slowing and unidirectional block, and (3) anatomic obstacles and abrupt changes in fiber direction can generate rate-dependent "vortex shedding" and re-entry. 27 Recent modeling studies have also shown that fibrosis can cause activation delays and ratedependent electric instability, increasing the likelihood of re-entrant arrhythmia. 16 Less clear is the extent to which factors such as electric remodeling at a cellular level, altered gap junction expression, and interactions between myocytes and fibroblasts may contribute to these processes in healed myocardial infarcts. In the BZ of subacute canine infarcts, peak sodium, calcium, and potassium currents are reduced, producing decreased CV and APD prolongation. 6, 7, 28 If replicated in the chronic infarct, such changes would exacerbate reductions in CV and increase the probability of block, as demonstrated in a modeling study by Decker and Rudy. 29 However, most studies have reported normal resting membrane potential and AP upstroke in the BZ of chronic infarcts, with varied results for APD. 30 -32 Changes in the distribution of the gap junction protein Cx43 have been observed at all stages of infarct healing. In normal ventricular myocardium, Cx43 is located only at the intercalated disks, but in subacute infarcts it is dispersed across the lateral cell membrane. In the dog heart, end-to-end coupling between myocytes was reduced by 25% 3 to 10 weeks postinfarction, but side-to-side connections declined by 75%. 4 However, Cx43 expression remains lateralized in healed human and sheep infarcts. 22, 33 The direct effects of the changes in gap junction distribution in infarct BZ remain uncertain. It seems unlikely that lateralized Cx43 forms active channels because transverse CV is reduced in this region. 34 In this study, we have tested the contributions of structural remodeling, independent of any cellular electric changes, by simulating the spread of electric activation in a structurally detailed computer model of the infarct BZ and surrounding normal myocardium, assuming normal cellular electric properties. We investigated the rate dependence of activation within this context and used LR-d cell membrane dynamics 19 to provide a biophysically based representation of APD and CV restitution. An important outcome is the finding that structural remodeling in the infarct BZ gives rise to unidirectional propagation and stimulus site-specific activation delays. This is evident in Figure 5 , in which 2 separate tracts of surviving myocytes pass between midwall and subepicardial BZ. With subendocardial stimulation, activation propagated through one of these tracts, but blocked at the other; this pattern was reversed with subepicardial stimulation. Activation delays were seen in the subendocardial and subepicardial BZ in both cases, although their extent varied with stimulus site ( Figure 6C ).
Tortuous conduction pathways contributed to the observed activation delays. Complex pathways through the infarct connected midwall to subepicardial and subendocardial BZ ( Figure 6 ). In addition, surviving cell tracts along the subendocardial surface, surrounded by dense collagen, formed a network with relatively sparse lateral coupling. These gave rise to zigzag patterns of activation clearly evident in the videos provided in the supplementary data. Similar observations have been made in infarcted human papillary muscle. 3 Finally, propagation around the infarct boundary was near normal to muscle layers, which was inherently slow because electric coupling across the clefts that separate myolaminae occurs via muscle bridges. 13 In the infarct BZ, coupling between adjacent layers was further reduced by infiltration of thick bundles of collagen projecting from the infarct into the space between myolaminae.
Activation path length provides a partial explanation only of the propagation delays observed in the infarct BZ. This is demonstrated by the fact that total activation time was longer for subepicardial than for subendocardial stimulation, even though path length was shorter ( Figure 7A ). To explore the relationship between time delay, conduction block, and BZ structure, we computed network cross-sectional area transverse to myofiber direction along both pathways and compared the data with local activation times at BCLϭ300 ms. For each pathway, activation times were considered for the direction in which block occurred and the direction of successful propagation (Online Figure XIV) .
The block along these 2 pathways for activation entering and leaving the subepicardial BZ occurred in regions where there was a transition from a sparsely connected myocyte network to a larger well-connected volume. This was due to current source-load mismatch, a mechanism that has been extensively studied by other workers 26 and is inherently unidirectional in its effects. Activation delays were seen in specific regions with successful propagation in the other direction ( Figure 7) . Differences in activation dynamics at these sites provide further insight into mechanisms of sourceload mismatch in the BZ. With subepicardial stimulation (7B), there was a long activation delay between points 100 m apart in the subepicardial BZ, where the tract narrowed to form a single strand of myocytes and crosssectional area was abruptly reduced. The AP in this region was characterized by a slow rising foot, indicating a focal deficit in the inward current necessary to bring downstream myocytes to threshold. This contrasts with delays observed at the interface between subendocardial BZ and adjacent normal myocardium ( Figure 7C ). Here delay was distributed more widely across a region of network expansion.
Rate-dependent block occurred at the sites where delay was most evident. The increased probability of block in regions with low safety factor is predictable since, due to CV and APD restitution, current supply decreases as CI is reduced. However, the delay and block along both pathways exhibited different characteristics. In the subepicardial BZ ( Figure 7B ), delay increased progressively at the same point as CI was reduced, but the AP upstroke remained rapid. Conduction block occurred at CIϭ185 ms when cells within the tract failed to reach threshold. In contrast, in the subendocardial BZ (Figure 7C ), the region of delay broadened with decreasing CI, and there was a progressive reduction in AP upstroke velocity.
Minimal but increasing APD dispersion was observed with decreasing CI. This was most pronounced in regions of activation delay, such as the networks of surviving myocytes in the subendocardial BZ (Online Figures X and XI) . There is evidence that rate-dependent APD dispersion and APD alternans give rise to electric instability in the presence of patchy fibrosis. 16 However, neither contributes to the rate-dependent block observed in this discrete infarct.
We have demonstrated that structural remodeling in the infarct BZ can produce the conditions necessary for electric re-entry. These include stimulus site-dependent unidirectional conduction with long activation delays and ratedependent block. We have observed delays of up to 35 ms in our image-based model along 6-to 7-mm path lengths through a very small BZ section. Finally, we have shown that these features can give rise to sustained reentry when the circuit around the infarct was closed and a further time delay of 120 ms was introduced (Figure 8 ). This is equivalent to a wavelength for reentry of 27 to 31 mm if it is assumed that the observed delays were replicated around the full circuit, or Ϸ60 mm assuming CV through the auxiliary circuit to be normal. It should be noted that the wavelength for reentry is directly related to the effective refractory period and, for the well-established LR-d membrane model that we elected to use, this is significantly longer than in rat or mouse hearts and shorter than in human hearts. However, the activation delays and unidirectional block observed here reflect source-load mechanisms that involve cellular architecture and apply across species. On this basis, we hypothesize that structural remodeling can provide a dynamic substrate sufficient to support electric reentry in the absence of cellular electric remodeling. Changes in gap junction distribution and the cellular electric remodeling that occurs in heart failure, for instance, 35 would certainly amplify such effects. Furthermore, the processes that trigger ratedependent block and reentry (early and late afterdepolarizations, autonomic dysfunction, etc.) cannot be explained by structural remodeling alone.
Limitations
This study was carried out in relatively small transmural segments, comprising healed infarct, BZ, and surrounding normal myocardium, from 2 rat hearts only. Specimen dimensions, number of hearts studied, and species were influenced by the time taken to acquire and process volume images at such high spatial resolution and to model electric activation on them, but each introduced limitations. The dimensions of the rat heart prevented us from mapping intramural electric activity in the BZ, and we were therefore not able to compare model predictions with corresponding experimental data. Specimen dimensions and artificial boundaries also precluded initiation of reentry wholly within the image volume and likely reduced the numbers of possible alternative pathways around sites of block. Despite this, we have been able to demonstrate reentry by extending the image-based activation model, and the examples of directional and rate-dependent delay and block reported here did not occur on, or near, the artificial boundaries. That said, it will be necessary to study a larger number of hearts before robust statements can be made about the probability of observing structural substrates for reentry in the infarct BZ. A further limitation is the animal model used and the extent to which the results translate to large animal hearts and, in particular, to human heart disease. We reiterate that the structural mechanisms responsible for delay and block in this study likely apply across species, and it seems reasonable to expect that their potential contribution to reentry would be greater with increased heart size and infarct dimension. The occlusion infarct studied here was more discrete than the reperfusion infarcts that are most commonly observed clinically. A final technical issue is that image quality was degraded by flare produced by picrosirius red fluorescence in areas of dense collagen. 36 While we were able to identify myocytes, the volume of preserved strands of myocytes running through the BZ was likely underestimated in the segmentation process. Error introduced by this artifact was mitigated by using a topology-preserving dilation operator that added an additional voxel at most to myocyte tracts (Online Figures II and III) .
Conclusions
In this study, we have produced unique data sets, in which tissue structure in the BZ and normal myocardium adjacent to a healed MI have been reconstructed in 3D at 2 m 3 voxel dimensions. The infarct BZ was characterized by tracts of preserved myocytes with markedly reduced lateral coupling that, in some cases, form continuous pathways across it. We have used image-based modeling to demonstrate that these pathways exhibit direction-and rate-dependent delay and block. Activation delays are not uniformly distributed along these pathways, but instead are associated with specific regions in which there are rapid changes in tract crosssection. We conclude that these mechanisms together with tortuous activation pathways provide a dynamic substrate for reentry. 
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